Background
==========

The life span of bioprosthetic (BP) heart valves limits their application in patients undergoing surgeries for congenital and acquired heart diseases.[@b1-ppa-9-389]--[@b4-ppa-9-389] Calcification of xenomaterials in BP heart valves is a common underlying cause of symptomatic dysfunction, leading to severe disturbances in intracardiac hemodynamics and the need for reoperation.[@b1-ppa-9-389],[@b3-ppa-9-389],[@b5-ppa-9-389],[@b6-ppa-9-389]

The pathological calcification of soft tissues is a complex multifactorial process controlled at genetic and biochemical levels.[@b7-ppa-9-389]--[@b10-ppa-9-389] Moreover, the calcific degeneration rate of BPs is related to the characteristics of the implanted device, as well as the metabolic status of the recipient.[@b11-ppa-9-389]--[@b13-ppa-9-389] However, the detailed underlying mechanisms affecting BP heart-valve calcification have not yet been studied, and calcification of chemically modified biomaterials remains a problem, despite improvements in BPs and the use of different methods of anticalcification.

The current study investigated the effects of metabolic factors in terms of calcium--phosphorus homeostasis and proinflammatory status in recipients of BP heart valves on the rate of structural dysfunction provoked by the calcification of biomaterials.

Materials and methods
=====================

Epoxy-treated xenoaortic and xenopericardial BPs, along with mechanical valves, have been used to repair heart defects at the Research Institute for Complex Issues of Cardiovascular Diseases (NII KPSSZ, Kemerovo, Russia) for almost a quarter of a century. This experience has allowed us to evaluate the long-term outcomes of BPs in relation to specific recipient-related metabolic factors that may act as potential predictors of calcific degeneration.

Considering the differing effects of xenogenic tissue characteristics, preservation method, and mechanical load during the cardiac cycle on the rate of pathological calcification, the present study was limited to recipients with epoxy-treated valves fabricated from aortic porcine complex, implanted in the mitral position.[@b5-ppa-9-389],[@b14-ppa-9-389] Patients with multivalve replacements were included in the study if a mitral BP was implanted.

Monitoring of the outcomes after clinical application of a xenoaortic BP was performed using a specially designed database included in the Medical Information System of NII KPSSZ. The patients were registered after their first visit to the clinic and the following data were recorded: personal data, main diagnosis and comorbidities, echocardiography findings before and after surgical repair, data on the implanted device, and perioperative and in-hospital complications. The database also recorded information on long-term postoperative dynamic patient monitoring and on the timing and causes of BP dysfunction, as confirmed by histology and electron microscopy of the explanted valves.

A total of 382 xenoaortic BPs were implanted in the mitral position from 1991 to 2009. The surgeries were performed according to the standard procedure for mitral valve replacement under normothermic cardiopulmonary bypass (CPB). The in-hospital mortality was 5.8% (n=22), and 360 patients with BPs were successfully discharged from hospital. All the patients underwent regular follow-up visits (one visit per 1--2 years), which included a general examination and transthoracic echocardiography to assess the morphological function of the implanted BPs, and to adjust medical therapy if necessary. A total of 94.5% of patients completed the follow-up period (mean follow-up period 8.0±4.4 years), for a total of 2,792 patient-years. The long-term mortality, including reoperations, was 29.2% (n=105) of all discharged patients. The present study included recipients of models of the epoxy-treated xenoaortic prostheses Kem-Kor and PeriCor (Neokor, Russia).

In December 2013, 113 patients (31.4% of all discharged patients) had undergone reoperation as a result of BP dysfunction. The causes of BP dysfunction were identified in 105 (93%) cases ([Table 1](#t1-ppa-9-389){ref-type="table"}), based on histological and electron microscopic studies. The most common cause of BP dysfunction was primary tissue degeneration with calcification (46.9%) ([Figures 1](#f1-ppa-9-389){ref-type="fig"}--[5](#f5-ppa-9-389){ref-type="fig"}). Prosthetic valve endocarditis occurred in 25.7% of cases ([Figures 6](#f6-ppa-9-389){ref-type="fig"}--[8](#f8-ppa-9-389){ref-type="fig"}). Structural degeneration caused by leaflet disruption without calcification and/or infection occurred in 12.4% of cases. Calcium deposits (crystalline and amorphous forms), as well as leukocytic/lymphocytic infiltrations and/or bacterial colonies, were present on the prosthesis leaflets in 7.1% of cases, indicating the presence of inflammation ([Figure 9](#f9-ppa-9-389){ref-type="fig"}). It is possible that the inflammation of the BP leaflets was secondary to the structural dysfunction or it may have preceded the degenerative changes of the xenomaterial; therefore, these patients were excluded from further analysis.

Indicators of calcium--phosphorus homeostasis and nonspecific inflammatory markers were assessed in 22 (41.5%) patients with histologically confirmed calcification without infection (n=53), while defining the indications for reoperation. These patients were assigned to group 1. Group 2 comprised patients (n=48) with normal BP morphology and function, evaluated by transthoracic echocardiography based on matched pairs at the time of primary surgery ([Table 2](#t2-ppa-9-389){ref-type="table"}).

Scanning electron microscopy assays
-----------------------------------

Scanning electron microscopy was used to assess the degree of tissue damage. Explanted BP-tissue samples (leaflets) were washed and dehydrated through increasing concentrations of ethanol and critical point drying. The samples were mounted on the specimen stub with double-sided carbon tape and viewed with a TM3000 (Hitachi, Japan) operated under hard vacuum conditions with an accelerating voltage of 15 kV using back-scattered electron and secondary electron modes.

Biochemical assays
------------------

Blood serum was obtained by taking blood from the cubital vein in the morning, on an empty stomach, and transferring it to a Vacuette^®^ Z serum clot activator (Greiner Bio-One, Austria) blood-collection tubes. Plasma was obtained by taking additional blood into K3EDT Vacuette (Greiner Bio-One) blood-collection tubes. After centrifugation, blood serum was aliquoted and stored at −40°C in a low-temperature refrigerator (MDF; Sanyo, Japan). Blood sampling was performed during scheduled follow-up visits (group 2) or on days 5--7 prior to reoperation necessitated by BP dysfunction (group 1). All procedures were performed with written consent.

Concentrations of the following analytes were measured using commercially available enzyme-linked immunosorbent assay (ELISA) kits, according to the manufacturers' protocols: parathyroid hormone (PTH; DSL-10-8000 ACTIV 1-PHT; Diagnostic System Laboratories, USA), calcitonin (CV, 2.3%--4.1%; Biomerica, USA), 25-hydroxyvitamin vitamin D (25\[OH\]D; Octeia ELISA kit; IDS, UK), osteocalcin (N-Mid^®^; Octeia ELISA kit), bone-specific alkaline phosphatase (Metra BAP; Quidel, USA), osteoprotegerin (OPG; Biomerica), osteopontin (Enzo Life Sciences, USA), IL-1β, -6, -8, -10, and -12p40 and TNFα (Bender MedSystems, Austria). The findings were recorded on a Uniplan plate reader (Picone, Russia) using the filters recommended by the manufacturer. Levels of calcium, phosphorus, and alkaline phosphatase were measured using commercial kits (BioSys, Germany) on a Konelab 320i automatic biochemical analyzer (Thermo Fisher Scientific, Finland).

The parameters with defined reference values, provided by the ELISA manufacturers, were also analyzed in an age-and sex-matched control group of healthy subjects (n=22). This group was formed in order to determine the normal range of the analyzed parameters in the population of the studied geographic region.

Statistical analysis
--------------------

Clinical and laboratory data were entered into a Microsoft Excel spreadsheet and analyzed using SAS 6.12, Statistica 6.0, and SPSS software. The Kolmogorov--Smirnov, Lilliefors, and Shapiro--Wilk tests were used to analyze the data from normally distributed data sets. Results are presented as medians and interquartile range. The equality of variances was confirmed using the Cochran--Leuven criterion. Statistical hypotheses were confirmed using nonparametric Whitney-- Mann--Wilcoxon *U* and Kruskal--Wallis tests for quantitative variables. Qualitative traits were assessed using contingency tables with calculation of Pearson's *χ*^2^ and odds ratios with 95% confidence intervals. A *P*-value \<0.05 was considered statistically significant.

Results
=======

The groups were comparable in terms of age (group 1, 46.7±7.5 years; group 2, 47.9±5.9 years; *P*\>0.05) and sex (group 1, 40.9% male; group 2, 35.4% male; *P*\>0.05) ([Table 2](#t2-ppa-9-389){ref-type="table"}). The mean follow-up periods (from the date of primary implantation of BP to reoperation in group 1, from the time of valve replacement to the last follow-up visit in group 2) were 7.2±3.4 and 8.1±2.9 years in groups 1 and 2, respectively (*P*\>0.05). The predominant etiologic factor for acquired disease was rheumatic heart disease in both groups (86% in group 1 versus 98% in group 2, *P*\>0.05), while connective tissue dysplasia occurred in 9% and 2% of all cases in groups 1 and 2, respectively (*P*\>0.05), and infective endocarditis was diagnosed in 5% of patients with calcified valvular BP. There were no significant differences in comorbidities between the groups, though this may have been because of the limited numbers of patients.

Importantly, most patients were in a severe clinical state before primary valve replacement. New York Heart Association functional class IV with chronic heart failure was significantly more prevalent in group 1 compared with group 2 (36% versus 15%, *P*=0.03). Moreover, patients with calcific degeneration of BP valves had a longer period of CPB during the initial replacement (112.8±18.8 minutes in group 1 versus 97.2±23.6 minutes in group 2, *P*=0.02) ([Table 2](#t2-ppa-9-389){ref-type="table"}).

With regard to calcium--phosphorus metabolism, serum total calcium levels remained within the normal range in patients with confirmed calcification, whereas patients with preserved function of the BP valve had moderate hypercalcemia (2.3 \[2.0--2.6\] versus 2.6 \[2.5--2.7\] mmol/L, *P*=0.05) ([Table 3](#t3-ppa-9-389){ref-type="table"}). Serum phosphorus levels were slightly decreased in the group with calcific degeneration (0.8 \[0.7--1.3\] mmol/L) and corresponded to the lower limit of normal in patients with normal BP function (0.9 \[0.8--1.1\] mmol/L) (*P*\>0.05). There was no significant difference in calcium:phosphorus ratio between groups 1 and 2 (2.4 \[2.0--3.4\] versus 2.7 \[2.5--3.2\], respectively, *P*\>0.05).

A moderate decrease in serum 25(OH)D levels was reported in both groups, but the deficit was more pronounced in patients with BP calcification (34.0 \[21.0--49.4\] pmol/L in group 1 versus 40.0 \[27.2--54.0\] pmol/L in group 2, *P*\>0.05). A similar tendency was noted in healthy volunteers, where hypovitaminosis D (39.8 \[32.2--49.2\] pmol/L) was associated with increased parathyroid hormone (PTH) secretion (50.4 \[36.1--78.7\] pg/mL). Despite low levels of 25(OH)D, serum parathyrin levels were within the normal range (37.5 \[13.0--70.9\] pg/mL in group 1 versus 44.0 \[18.2--78.7\] pg/mL in group 2).

Serum calcitonin levels remained within the normal reference range in both groups (7.3 \[4.7--20.5\] pg/mL in group 1 versus 7.9 \[5.2--60.3\] pg/mL in group 2, *P*\>0.05), though levels were slightly increased compared with control levels (3.8 \[1.72--5.23\] pg/mL).

OPG levels were reduced in the study groups compared with healthy, age-matched subjects (127.6 \[95.5--173.0\] pg/mL), with the largest deficit in patients with confirmed BP calcification (82.5 \[44.2--115.4\] pg/mL in group 1 versus 113.5 \[65.7--191.3\] pg/mL in group 2, *P*\>0.05).

Osteocalcin levels in both study groups were within the normal range (10.2 \[6.7--23.1\] ng/mL versus 12.8 \[8.3--23.6\] ng/mL in groups 1 and 2, respectively, (*P*\>0.05), but levels were slightly higher in healthy volunteers (17.5 \[13.5--20.1\] ng/mL).

Osteopontin levels were decreased in both BP groups, regardless of the structural and functional states of the implanted valves (4.5 \[3.3--7.7\] ng/mL and 5.2 \[4.1--7.2\] ng/mL in groups 1 and 2, respectively; *P*\>0.05), compared with the control group (17.1 \[13.6--21.8\] ng/mL).

Serum alkaline phosphatase levels were reduced in patients with preserved BP function (52.0 \[42.0--60.0\] U/L in group 2 versus 76.5 \[42.0--90.0\] U/L in group 1, *P*\>0.05), whereas levels of its bone-specific isoenzyme were significantly higher in group 2 compared with patients after reoperation, but remained within the normal range (22.3 \[15.5--30.5\] U/L in group 2 versus 17.1 \[12.2--21.4\] U/L in group 1, *P*=0.01). It should be noted that the lowest levels of bone-specific alkaline phosphatase were observed in the control group (5.6 \[3.3--7.32\] U/L).

With regard to the main proinflammatory indicators, serum levels IL-1β, -6, -10, and -12p40 were increased in BP heart-valve recipients (groups 1 and 2) compared with healthy subjects. However, levels of TNFα were higher in the control group ([Table 4](#t4-ppa-9-389){ref-type="table"}).

Patients with calcific BP degeneration (group 1) had slightly higher levels of IL-12p40 (105.6 \[93.9--109.8\] pg/mL versus 88.8 \[76.1--129.5\], *P*\>0.05), IL-6 (2.15 \[1.94--3.32\] pg/mL versus 1.99 \[1.91--2.33\] pg/mL, *P*\>0.05), and IL-10 (3.53 \[3.01--4.57\] pg/mL versus 2.99 \[2.4--3.54\] pg/mL, *P*\>0.05) than those with satisfactory function of the implanted valve (group 2). However, serum IL-8 levels were significantly higher in patients with preserved BP function compared with those with calcification (13.17 \[9.72--23.1\] pg/mL in group 2 versus 9.74 \[9.19--10.09\] pg/mL in group 1, *P*=0.045). IL-1β levels were also slightly higher in group 2 (0.78 \[0.5--1.94\] pg/mL versus 0.55 \[0.41--1.62\] pg/mL in group 1, *P*\>0.05), though the difference was not significant ([Table 4](#t4-ppa-9-389){ref-type="table"}).

We investigated the association between subclinical inflammation and disorders of calcium--phosphorus homeostasis in recipients of BP heart valves and detected significant inverse relationships between serum IL-10 and vitamin D (*r*=−0.355, *P*\<0.05), and between IL-6 and calcitonin (*r*=−0.423, *P*\<0.05). There were also significant direct correlations between serum IL-12p40 and osteopontin (*r*=0.397, *P*\<0.05), and between IL-6 and alkaline phosphatase (*r*=0.507, *P*\<0.05) ([Table 5](#t5-ppa-9-389){ref-type="table"}).

Discussion
==========

The rate of xenogeneic tissue calcification of BP heart valves depends on factors related to the implanted BP device, the transformation of biomaterials during preservation and subsequent function of the prosthesis, and recipient-related factors.[@b1-ppa-9-389]--[@b3-ppa-9-389] In addition to age, the current medical literature includes dyslipidemia, smoking, and concomitant diseases, such as diabetes mellitus and metabolic syndrome, as risk factors for calcification.[@b11-ppa-9-389]--[@b13-ppa-9-389],[@b15-ppa-9-389] The negative impact of these proatherogenic factors on BP functioning occurs via the activation of nonspecific inflammatory responses.[@b7-ppa-9-389]--[@b10-ppa-9-389] Moreover, complex biological and metabolic relationships exist between atherosclerotic lesions and bone mineral density,[@b7-ppa-9-389]--[@b9-ppa-9-389],[@b16-ppa-9-389]--[@b21-ppa-9-389] through the expression of proinflammatory markers and regulatory proteins, which control osteosynthesis and bone resorption.[@b20-ppa-9-389]--[@b24-ppa-9-389] The pathological mineralization of soft tissues may thus involve complex underlying mechanisms.[@b9-ppa-9-389],[@b10-ppa-9-389] We therefore retrospectively compared calcium--phosphorus metabolism and proinflammatory status in patients with preserved BP heart-valve function and those with calcific degeneration.

To avoid the possible influence of device characteristics on the rate of structural dysfunction, only subjects who received identical BP types were included in the study (groups 1 and 2), at comparable times from primary surgery. The potential impacts of central hemodynamics on the structural and functional states of the BP were minimized by selecting devices implanted in the mitral position. There were no significant differences in age or etiological factors between the studied groups of patients ([Table 2](#t2-ppa-9-389){ref-type="table"}).

Patients with long-term calcific BP degeneration (group 1) had a more severe clinical state prior to mitral valve replacement compared with those with intact morphologic and functional implanted BPs (group 2). In addition, patients with BP dysfunction had a longer CPB period during primary surgery. These results suggest that the initial clinical severity of the patient, determined by the degree of preoperative decompensated chronic heart failure and the severity of the postoperative systemic inflammatory response and homeostatic disturbances, may affect the life span of the BP.

We assessed calcium--phosphorus metabolism in the two groups of patients. Calcium and phosphorus homeostasis is part of a multifactorial, tightly controlled system, which functions to maintain serum calcium and phosphorus levels within their physiological ranges. Variations in components of this regulatory system might therefore be expected to potentiate the pathological mineralization of soft tissue and the calcific degeneration of BPs.

Serum levels of calcium and inorganic phosphate are known to depend on the function of the parathyroid gland, vitamin D activity, and specific characteristics of bone metabolism associated with these factors. The current analysis found that patients with preserved BP function (group 2) had moderate hypercalcemia compared with those with calcific degeneration (group 1), who had normal serum calcium levels.

Serum calcium is directly affected by PTH, which functions to prevent hypocalcemia, enhance bone resorption, stimulate renal calcium reabsorption, and hydroxylate vitamin D. Vitamin D deficiency thus promotes hypersecretion of PTH. This relationship was only found in the control group in the present study, whereas serum PTH levels in BP recipients (groups 1 and 2) were within the normal range, despite moderate hypovitaminosis D, probably because of the absence of hypocalcemia in these patients.

Despite extensive studies, the biological role of vitamin D remains unclear. It is known to antagonize PTH, and its deficiency stimulates the expression of proinflammatory factors, including cytokines, metalloproteinases, and C-reactive protein.[@b25-ppa-9-389],[@b26-ppa-9-389] In addition to estrogen and gastrointestinal peptides, vitamin D is also known to regulate the secretion of calcitonin, which is an indirect antagonist of PTH produced by thyroid cells.

The main effect of calcitonin is to reduce serum calcium levels via inhibition of osteoclast activity.[@b27-ppa-9-389] Hypercalcemia stimulates the secretion of calcitonin, thus promoting the deposition of excess calcium in bones, and increased levels of calcitonin have thus been suggested to provoke the calcification of native heart valves. In the present study, serum calcitonin levels were significantly higher in the study groups compared with the control group, though the values remained within the normal reference ranges. We were therefore unable to demonstrate any impact of calcitonin on BP calcification, but further studies of its biological role are warranted.

OPG is a key inhibitor of osteoclast differentiation, and prevents bone resorption.[@b26-ppa-9-389] OPG deficiency is known to lead to severe osteoporosis, associated with abnormal calcification of soft tissues.[@b28-ppa-9-389],[@b29-ppa-9-389] The present study showed that OPG levels were decreased in both study groups compared with healthy subjects, with a more pronounced decrease in patients with confirmed calcification. The mechanism responsible for this phenomenon is unclear, but it may be associated with disorders of bone remodeling, which are the underlying cause of many pathological processes, including mineralization of cardiovascular system elements and calcific degeneration of BPs.

Biochemical components of bone tissue, such as matrix proteins (osteocalcin, osteopontin, etc) and alkaline phosphatase enzymes, as potential markers of disorders of calcium-- phosphorus metabolism, represent a promising area for the study of abnormal calcification of biological structures.[@b30-ppa-9-389],[@b31-ppa-9-389] One of the most sensitive indicators of bone metabolism, osteocalcin, showed similar levels in patients with preserved function (group 2) and those with calcific degeneration of implanted prosthetic valves (group 1). However, relatively higher levels in the control group may provide indirect evidence of differences in calcium--phosphorus homeostasis between healthy subjects and BP heart-valve recipients.

The noncollagenous protein osteopontin is known to affect the synthetic functions, migration, and differentiation of pro-osteogenic cell lines, and to regulate the physiological processes of bone formation and pathological tissue mineralization.[@b32-ppa-9-389],[@b33-ppa-9-389] Research has shown that osteopontin plays a pivotal role in the pathogenesis of calcific aortic valve stenosis.[@b34-ppa-9-389] Osteopontin may exacerbate local inflammation by regulating the activity of cytokines and metalloproteinases. However, clinical and experimental research demonstrated that osteopontin may inhibit the pathological calcification process by suppressing mineral deposition and/or active resorption.[@b35-ppa-9-389] The most likely protective mechanisms of osteopontin involve self-aggregation and adhesion of hydroxyapatite crystals on the surface, through binding to specific residual amino acids.[@b36-ppa-9-389] The more pronounced decrease in osteopontin levels in patients with degenerative BP changes demonstrated in the present study may have been caused by either increased consumption (by binding to mineral deposits in the prosthetic leaflet) or by depletion of its products under clinically severe calcification.

Alkaline phosphatase is involved in the metabolism of phosphoric acid and contributes to phosphorus transport in the body, though details of its mechanism have not been well studied. Serum levels of bone-specific alkaline phosphatase are known to reflect the metabolic state of osteoblasts, the cells responsible for bone-tissue formation. Osteoclasts, which are involved in bone resorption, are also capable of releasing alkaline phosphatase, and a moderate increase in bone-specific alkaline phosphatase is associated with osteolytic activity.[@b26-ppa-9-389] The reduction in the bone isoenzyme of alkaline phosphatase in patients with calcific BP degeneration in the present study may be associated with reduced osteosynthetic ability of osteoblasts during the final stage of calcific BP degeneration.

In this study, patients with symptomatic BP dysfunction and moderate hypovitaminosis D, OPG, and osteopontin deficiencies, but with normal PTH and total calcium levels had significantly reduced serum levels of bone-specific alkaline phosphatase isoenzymes, compared with recipients with well-functioning BPs.

This study also assessed the main proinflammatory indicators in the study groups. The current medical literature reports an association between systemic inflammation and the severity of coronary atherosclerosis.[@b37-ppa-9-389] We supposed that the activity of some nonspecific markers of the inflammatory response may reflect the severity of the clinical state of the patient, as well as acting as prognostic factors for the early development of calcific BP degeneration.

The elevated levels of proinflammatory IL-1β, IL-6, and IL-12p40 in both groups in the present study compared with healthy subjects were likely associated with the underlying disease and the patient's response to the implanted prosthetic device. The high levels of anti-inflammatory IL-10 may reflect a compensatory reaction, while the reduced TNFα levels seen in both groups of patients may be explained by the insolvency of the inflammatory response.

The elevated levels of IL-12p40, IL-6, and IL-10 in patients with calcific degeneration (group 1) compared with the group with preserved BP function (group 2) reflect the severity of the depression of intracardiac and systemic hemodynamics, associated with clinically significant dysfunction. However, the significant increase in serum IL-8 in patients with preserved BP function (group 2) was particularly notable. IL-8 is an inducible protein produced following the effect of mitogens or endogenous regulators on immune cells. IL-8 is a chemokine that regulates the chemotaxis of various cell types (neutrophils, monocytes, eosinophils, and T-cells) in the inflammatory area. Moreover, IL-8 regulates neutrophil adhesion by modifying the expression of integrins and other compounds with adhesive properties. The ability of IL-8 to cause the migration of cells and stimulate their adhesion makes it an active participant in the inflammatory response.

Our results are consistent with other studies, which showed a high prognostic significance of elevated IL-6 and decreased IL-8 levels in terms of the identification of significant coronary artery calcification in patients with atypical chest pain.[@b37-ppa-9-389] Therefore, low serum levels of IL-8 may have a negative impact on the rate of pathological mineralization of soft tissue in atherosclerotic vascular lesions, as well as in the calcification of BP leaflets. Larger studies of BP heart-valve recipients with long-term follow-up are required to confirm this hypothesis.

Any implanted foreign biological material causes an immune response. Several experimental studies have demonstrated the infiltration of immune cells (macrophages, lymphocytes, polymorphonuclear leukocytes, etc) with cytokine-producing activity in explanted xenopericardial samples.[@b38-ppa-9-389] Migrating cells may produce proteolytic enzymes (metalloproteinases, cathepsins), known as stimulants of osteoblastic differentiation of myofibroblasts and smooth-muscle cells,[@b10-ppa-9-389] which exert pro-osteogenic activity and promote the formation of micro- and macrocalcifications, destroying the intercellular matrix and collagen fibers. We therefore investigated the association between subclinical inflammation and disorders of calcium--phosphorus homeostasis in BP heart-valve recipients, and demonstrated significant relationships between serum levels of IL-10, IL-6, and IL-12p40 and vitamin D, calcitonin, alkaline phosphatase, and osteopontin, thus confirming an association between subclinical inflammation and mineral metabolism.

The detailed interpretation of the results, identification of the relationships, and formulation of the conclusions should take into consideration the following limitations. This was a retrospective study, with a small number of patients in both groups. We did not monitor the parameters of mineral metabolism and inflammatory markers over a long period (from the time of primary surgery to the development of clinically significant BP dysfunction). Furthermore, there was a lack of information on bone mineral density in the study groups, and a lack of information regarding regular medical therapy (including hormone-replacement therapy). However, despite these limitations, the present study confirmed the existence of active, cell-mediated regulation of abnormal calcification of soft tissues, suggesting that abnormalities of calcium--phosphorus metabolism and the severity of the nonspecific inflammatory response are contributory factors affecting the life span of BPs.

Conclusion
==========

The results of this study suggest that recipient metabolic status, defined by the active processes of bone resorption and local and systemic inflammation, should be considered possible predictors determining the rate of structural dysfunction of BPs. We also suggest that calcification degeneration of valvular BPs is a multistage process, manifested by subsequent activation of different regulatory levels.

Further studies are required to confirm this hypothesis, including an assessment of recipient bone mineral density, a more thorough study of recipient immunologic status, and the identification of possible genetic determinants of pathological calcification. The results of the current and future studies will allow the pathogenic mechanisms and risks of BP dysfunction and pathological calcification to be defined.
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![Macroscopic calcification of bioprosthetic leaflet samples, stained with hematoxylin-eosin, with original magnification ×100. The two figures (**A** and **B**) show the morphology of calcification.](ppa-9-389Fig1){#f1-ppa-9-389}

![Macroscopic calcification of bioprosthetic leaflet samples, stained with Van Gison, with original magnification ×100. The two panels (**A** and **B**) show the morphology of calcification.](ppa-9-389Fig2){#f2-ppa-9-389}

![Scanning electron microscopy. Large calcified lumps. Backscatter electron imaging. Scale bar −100 microns.](ppa-9-389Fig3){#f3-ppa-9-389}

![Scanning electron microscopy. Primary tissue degeneration with calcification. Backscatter electron imaging. Scale bar −200 microns.](ppa-9-389Fig4){#f4-ppa-9-389}

![Scanning electron microscopy. Primary tissue degeneration with calcification. Secondary electron imaging. Scale bar −300 microns.](ppa-9-389Fig5){#f5-ppa-9-389}

![Micro-samples of bioprosthetic leaflet with endocarditis, stained with hematoxylin-eosin. Leuko-, lymphocytic infiltrates are visualized. Original magnification ×100. The two panels (**A** and **B**) show the morphology of calcification.](ppa-9-389Fig6){#f6-ppa-9-389}

![Micro-samples of bioprosthetic leaflet with endocarditis, stained with Van Gison. Original magnification ×100.](ppa-9-389Fig7){#f7-ppa-9-389}

![Scanning electron microscopy. Bacteria colonies in fibrin capsules. Secondary electron imaging. Scale bar −200 microns.](ppa-9-389Fig8){#f8-ppa-9-389}

![Micro-samples of bioprosthetic leaflet, stained with hematoxylin-eosin. Calcium deposits, leukocytic infiltrates and bacteria colonies are visualized. Original magnification ×400.](ppa-9-389Fig9){#f9-ppa-9-389}

###### 

Types of dysfunction according to histological and electron microscopic studies of explanted bioprostheses

  Type of bioprosthetic dysfunction                     %, (n)
  ----------------------------------------------------- -----------
  Tissue degeneration with xenomaterial calcification   46.9 (53)
  Tissue degeneration without calcium deposits          12.4 (14)
  Prosthetic valve endocarditis                         25.7 (29)
  Xenomaterial calcification + infection                7.1 (8)
  Prosthesis thrombosis                                 0.9 (1)
  Not identified                                        7.1 (8)
  Total                                                 100 (113)

###### 

Clinical data of xenoaortic valve recipients

  Parameter                                     Bioprosthesis dysfunction (group 1)   Preserved bioprosthetic function (group 2)   *P*
  --------------------------------------------- ------------------------------------- -------------------------------------------- ------
  Patients, n (%)                               22 (100)                              48 (100)                                     
  Sex, male/female, n (%)                       9 (40.9)/13 (59.1)                    17 (35.4)/31 (64.6)                          0.65
  Age, years, mean ± SD                         46.7±7.5                              47.9±5.9                                     0.41
  Time from primary surgery, years, mean ± SD   7.2±3.4                               8.1±2.9                                      0.24
  **NYHA FC**                                                                                                                      
  FC II, n (%)                                  1 (5)                                 2 (4)                                        0.81
  FC III, n (%)                                 14 (64)                               36 (75)                                      0.37
  FC IV, n (%)                                  8 (36)                                7 (15)                                       0.03
  **Etiology of disease**                                                                                                          
  RHD, n (%)                                    19 (86)                               47 (98)                                      0.06
  IE, n (%)                                     1 (5)                                 --                                           --
  CCTD, n (%)                                   2 (9)                                 1 (2)                                        0.19
  **Comorbidities**                                                                                                                
  CAD, n (%)                                    2 (9)                                 6 (13)                                       0.67
  DM, n (%)                                     1 (5)                                 2 (4)                                        0.70
  Arterial hypertension, n (%)                  6 (27)                                20 (42)                                      0.24
  Polyvalvular disease, n (%)                   2 (9)                                 --                                           --
  ACVA, n (%)                                   2 (5)                                 11 (23)                                      0.17
  **Intraoperative parameters**                                                                                                    
  CPB time, minutes                             112.8±18.8                            97.2±23.6                                    0.02
  Ischemia time, minutes                        82.3±14.2                             82.6±15.8                                    0.51

Abbreviations: SD, standard deviation; NYHA, New York Heart Association; FC, functional class; RHD, rheumatic heart disease; IE, infective endocarditis; CCTD, cardiac connective tissue dysplasia; AH, arterial hypertension; CAD, coronary artery disease; DM, diabetes mellitus; ACVA, acquired valvular heart disease; CPB, cardiopulmonary bypass.

###### 

Indicators of calcium--phosphorus metabolism in xenoaortic valve recipients

  Indicator                    Normal range                                         Control group (n=22)   Bioprosthetic dysfunction (group 1, n=22)   Preserved bioprosthetic function (group 2, n=48)   *P*[\*](#tfn2-ppa-9-389){ref-type="table-fn"}
  ---------------------------- ---------------------------------------------------- ---------------------- ------------------------------------------- -------------------------------------------------- -----------------------------------------------
  Calcium, mmol/L              2.1--2.5                                             --                     2.3 (2.0;2.6)                               2.6 (2.5;2.7)                                      0.05
  Phosphorus, mg/dL            0.9--1.9                                             --                     0.8 (0.7;1.3)                               0.9 (0.8;1.1)                                      0.43
  Calcium/phosphorus           --                                                   --                     2.4 (2.0;3.4)                               2.7 (2.5;3.2)                                      0.30
  Vitamin D, pmol/L            47.7--144[†](#tfn3-ppa-9-389){ref-type="table-fn"}   39.8 (32.2;49.2)       34.0 (21.0;49.4)                            40.0 (27.2;54.0)                                   0.36
  PTH, pg/mL                   21--45[†](#tfn3-ppa-9-389){ref-type="table-fn"}      50.4 (36.1;78.7)       37.5 (13.0;70.9)                            44.0 (18.2;78.7)                                   0.32
  Calcitonin, pg/mL            \<30[\*](#tfn2-ppa-9-389){ref-type="table-fn"}       3.8 (1.72;5.23)        7.3 (4.7;20.5)                              7.9 (5.2;60.3)                                     0.34
  OPG, pg/mL                   --                                                   127.6 (95.5;173.0)     82.5 (44.2;115.4)                           113.5 (65.7;191.3)                                 0.32
  Osteocalcin, ng/mL           9.6--40[\*](#tfn2-ppa-9-389){ref-type="table-fn"}    17.5 (13.5;20.1)       10.2 (6.7;23.1)                             12.8 (8.3;23.6)                                    0.33
  Osteopontin, ng/mL           --                                                   17.1 (13.6;21.8)       4.5 (3.3;7.7)                               5.2 (4.1;7.2)                                      0.57
  ALP, U/L                     70--306                                              --                     76.5 (42.0;90.0)                            52.0 (42.0;60.0)                                   0.09
  Bone isoenzyme of ALP, U/L   15--41.3[\*](#tfn2-ppa-9-389){ref-type="table-fn"}   5.6 (3.3;7.32)         17.1 (12.2;21.4)                            22.3 (15.5;30.5)                                   0.01

**Notes:**

Group 1 versus group 2

reference values provided by the manufacturer of each laboratory kit. Values given as median (interquartile range).

**Abbreviations:** PTH, parathyroid hormone; OPG, osteoprotegerin; ALP, alkaline phosphatase.

###### 

Nonspecific inflammatory markers in xenoaortic valves

  Indicator      Control group (n=22)   Bioprosthetic dysfunction (group 1, n=22)   Preserved bioprosthetic function (group 2, n=48)   *P*[\*](#tfn5-ppa-9-389){ref-type="table-fn"}
  -------------- ---------------------- ------------------------------------------- -------------------------------------------------- -----------------------------------------------
  IL-1β, pg/mL   0.39 (0.28;1.68)       0.55 (0.41;1.62)                            0.78 (0.5;1.94)                                    0.37
  IL-6, pg/mL    0.57 (0.01;3.02)       2.15 (1.94;3.32)                            1.99 (1.91;2.33)                                   0.31
  IL-8, pg/mL    12.88 (5.01;15.66)     9.74 (9.19;10.09)                           13.17 (9.72;23.1)                                  0.045
  IL-10, pg/mL   1.05 (0.25;2.24)       3.53 (3.01;4.57)                            2.99 (2.4;3.54)                                    0.29
  IL-12p40       24.9 (12.9;53.9)       105.6 (93.9;109.8)                          88.8 (76.1;129.5)                                  0.44
  TNFα           1.58 (1.00;4.39)       0.01 (0.01;0.49)                            0.08 (0.01;0.8)                                    0.53

**Notes:**

Group 1 versus group 2. Values given as median (interquartile range).

###### 

Correlations between calcium--phosphorus metabolism and nonspecific inflammatory markers

                       IL-12p40                                          IL-10                                              IL-8     IL-6                                               IL-1β     TNFα
  -------------------- ------------------------------------------------- -------------------------------------------------- -------- -------------------------------------------------- --------- --------
  Calcium, mmol/L      −0.170                                            0.045                                              0.173    −0.046                                             0.099     0.085
  Phosphorus, mg/dL    −0.066                                            −0.104                                             −0.002   −0.127                                             0.237     −0.114
  Calcium/phosphorus   −0.094                                            −0.355[\*](#tfn6-ppa-9-389){ref-type="table-fn"}   0.258    −0.308                                             −0.050    −0.164
  Vitamin D, pmol/L    0.031                                             −0.131                                             −0.028   0.234                                              −0.126    −0.111
  PTH, pg/mL           −0.190                                            0.279                                              −0.101   −0.423[\*](#tfn6-ppa-9-389){ref-type="table-fn"}   −0.024    −0.114
  Calcitonin, pg/mL    0.050                                             0.242                                              0.253    0.048                                              0.287     0.271
  OPG, pg/mL           0.027                                             0.010                                              0.139    0.171                                              −0.0427   −0.054
  Osteocalcin, ng/mL   0.397[\*](#tfn6-ppa-9-389){ref-type="table-fn"}   0.103                                              0.035    −0.077                                             −0.077    −0.124
  Osteopontin, ng/mL   −0.173                                            −0.045                                             0.142    0.507[\*](#tfn6-ppa-9-389){ref-type="table-fn"}    0.0827    0.199
  ALP, U/L             0.165                                             −0.037                                             0.264    −0.048                                             −0.041    −0.192

**Note:**

*P*\<0.05.

**Abbreviations:** PTH, parathyroid hormone; OPG, osteoprotegerin; ALP, alkaline phosphatase.
